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We found that a-synuclein directly promotes SNARE-complex assembly through a nonenzymatic mechanism that involves simultaneous binding of a-synuclein to phospholipids via its N terminus and to synaptobrevin-2 via its C terminus ( fig. S12 ). The SNARE complexpromoting function of a-synuclein becomes important during increased synaptic activity and aging, rendering its action akin to a proofreading activity that is essential for the continued maintenance of SNARE-mediated fusion over the lifetime of an animal. As a result, loss of synuclein function manifests in an age-dependent loss of neuronal function, as revealed in abg-synuclein TKO mice whose phenotype resembles the delayed onset and slow progression of a neurodegenerative disease. Relative loss of a-synuclein function, for example by sequestration of a-synuclein in Lewy bodies or by increased truncation of a-synuclein during aging (23) (24) (25) (26) (27) , may thus contribute to neurodegenerative diseases such as Parkinson's disease and Lewy body dementia. Furthermore, the increase in g-synuclein in many cancers (12) Tissue maintenance and homeostasis can be achieved through the replacement of dying cells by differentiating precursors or self-renewal of terminally differentiated cells or relies heavily on cellular longevity in poorly regenerating tissues. Regulatory T cells (T reg cells) represent an actively dividing cell population with critical function in suppression of lethal immune-mediated inflammation. The plasticity of T reg cells has been actively debated because it could factor importantly in protective immunity or autoimmunity. By using inducible labeling and tracking of T reg cell fate in vivo, or transfers of highly purified T reg cells, we have demonstrated notable stability of this cell population under physiologic and inflammatory conditions. Our results suggest that self-renewal of mature T reg cells serves as a major mechanism of maintenance of the T reg cell lineage in adult mice.
C ontinuous replacement of differentiated cells within some tissues, such as the gut epithelium, is achieved by their de novo generation from a pool of precursor cells (1) , whereas other tissues with reduced regenerative and proliferative capacity, such as the central nervous system, largely rely on cellular longevity for maintenance. Replication and self-renewal of differentiated cells, as shown for pancreatic b-cells, represents another potential mechanism underlying tissue maintenance (2) . The latter strategy raises the issue of stability versus plasticity of a differentiated state, which is of particular importance for the proliferating cells of the immune system. Regulatory T cells (T reg cells), defined by expression of the transcription factor Foxp3, represent a dedicated suppressor cell type whose maintenance is required throughout life to restrain fatal autoimmunity (3) (4) (5) (6) (7) . The instability of the T reg cell fate-their ability to further differentiate into diverse effector T cell (T eff cell) typesremains controversial. Many T reg cells express T cell receptors (TCRs) with heightened affinity for self-peptide major histocompatibility complexes (MHCs) (8) (9) (10) (11) , and ablation of a conditional Foxp3 allele in mature T reg cells results in generation of "former" T reg cells that are capable of causing inflammatory tissue lesions (12) . Thus, the stability of Foxp3 expression under basal and inflammatory conditions is an important determinant of immune homeostasis and of immediate relevance to the question of whether T reg cells represent a distinct, stable cell lineage or a transient meta-stable activation state. Genetic fate mapping provides means to evaluate both lineage stability and informs mechanisms of tissue maintenance in vivo.
We used this approach to evaluate T reg cell lineage stability under basal and inflammatory conditions and generated knock-in mice harboring a cassette containing an internal ribosome entry site (IRES) followed by DNA sequence encoding a "triple" fusion protein of the enhanced green fluorescent protein (eGFP) with Cre recombinase and mutated human estrogen receptor ligand-binding domain (ERT2) inserted into the 3′ untranslated region (UTR) of the Foxp3 gene (13) . The Foxp3 eGFP-Cre-ERT2 mice were bred to mice that expressed a Cre recombination reporter allele of the ubiquitously expressed ROSA26 locus containing a loxP site-flanked STOP cassette followed by a DNA sequence encoding yellow fluorescent protein (YFP) (R26Y) ( fig. S1 ). In the Foxp3 eGFP-Cre-ERT2 × R26Y mice, the GFPCreERT2 fusion protein is sequestered in the cytosol, and therefore YFP is not expressed; but treatment with tamoxifen allows for nuclear translocation of the fusion protein, excision of the floxed STOP cassette, and constitutive and heritable expression of YFP in a cohort of cells that expressed Foxp3 at the time of tamoxifen administration. + T cells remained eGFP-positive in the lymph nodes, spleen, Peyer's patches, skin, and lung up to 5 months after tamoxifen treatment (Fig. 1, A (Fig. 1C and  fig. S6 ), and production of proinflammatory cytokines was comparably low in both subsets (Fig.  1D) . The minor population of eGFP -YFP + cells observed 14 days after labeling failed to expand and in fact further decreased over time (Fig. 1,  C and D) . Thus, we did not observe a noticeable "conversion" of T reg cells and their progeny into follicular T helper (TFH) or effector T cells or their dedifferentiation into naïve T cells under physiologic conditions. Surprisingly, in euthymic mice the proportion of YFP + T reg cells among all Foxp3 + cells at 5 to 8 months after labeling was comparable with that observed at 14 days despite continuous, albeit declining with age, output of thymus-derived T reg cells (Fig. 1E) . Furthermore, thymectomy failed to influence the proportion of YFP + T reg cells among Foxp3 + cells at these later time points (Fig. 1E) , suggesting that the peripheral T reg cell pool, which is characterized by a high proportion of cycling cells ( fig. S7 ), is not only highly stable in adult mice but is largely self-sustained with a relatively minor contribution by newly generated thymic emigrants.
We next asked whether Foxp3 can be lost upon growth factor deprivation as a validation of our T reg cell-fate tracking approach. Foxp3 induction and T reg cell homeostasis are dependent upon interleukin-2 (IL-2) receptor signaling (14) (15) (16) (17) (18) (19) , and antibody-mediated blockade of IL-2 or IL-2R causes contraction of the T reg cell population (16) . Thus, we sought to explore whether IL-2 deprivation of mature T reg cells is associated with death or loss of Foxp3 expression and concomitant acquisition of immune effector cytokine production. Tamoxifen-treated Foxp3 eGFP-Cre-ERT2 × R26Y mice were treated with IL-2-neutralizing antibody. IL-2 deprivation resulted in a~30% decrease in total Foxp3 + T reg cell numbers and a modest decrease in Foxp3 protein amounts at the single-cell level (Fig. 2, A to C (Fig. 2, D to F) . We considered that perturbation of the 3′UTR in Foxp3 eGFP-Cre-ERT2 × R26Y mice may have resulted in increased Foxp3 mRNA or protein stability. However, Foxp3 mRNA decay in the presence of actinomycin D in T reg cells from Foxp3 eGFP-Cre-ERT2 × R26Y mice was more pronounced than that in T reg cells from the previously described Foxp3 GFP mice, in which GFP sequence was inserted into the 5′ end of the Foxp3 coding sequence, leaving the 3′UTR intact ( fig. S9) Previous studies suggested that during infection, exposure of T reg cells to pro-inflammatory cytokines results in a loss of Foxp3 expression and T reg cell conversion into effector T cells and was interpreted as a means to facilitate appropriate immune responsiveness (21) . To examine the fate of Foxp3 + T reg cells during infection, Foxp3 eGFP-Cre-ERT2 × R26Y mice were treated with tamoxifen, infected with a sublethal dose of Listeria monocytogenes, and analyzed for T reg cell stability at the peak of the immune response. After infection, we observed considerable upregulation of the T helper 1 transcription factor Tbet and CXCR3 in Foxp3 + cells (Fig. 3, A and B, and fig. S11 ) and IFNg production by effector CD4 + T cells in response to listeriolysin O (LLO) peptide (Fig.  3C and fig. S11 ). Nevertheless, essentially all YFP + T reg cells maintained expression of Foxp3 (Fig. 3D) , including those with increased T-bet expression. Foxp3 stability was also observed in T-bet +
Foxp3
+ cells generated upon induction of a strong IFNg-dominated Th1 inflammatory response upon antibody-mediated cross-linking of CD40 ( fig. S12) (22) . Cross-linking of CD40 after tamoxifen-induced labeling resulted in a marked up-regulation of T-bet and CXCR3 in Foxp3 + and Foxp3
-cells ( fig. S12 ). YFP-tagged cells demonstrated increased expression of CXCR3 and T-bet but at best marginally increased IFNg and IL-2 production ( fig. S12 ). Furthermore, T reg cells maintained expression of Foxp3 at 14 days and up to 5 months after CD40 cross-linking ( fig. S12) . Thus, T reg cells maintain heritable Foxp3 expression even after up-regulation of the Th1 transcription factor T-bet in the course of Th1-dependent antibacterial infection and CD40 cross-linking driven Th1 inflammatory response. T-bet and CXCR3 induction in T reg cells was recently shown to facilitate their ability to restrain Th1 inflammation (22) .
Lastly, to evaluate the stability of Foxp3 + cells in an autoimmune inflammatory setting, highly purified pancreatic-islet-antigen-specific GFP + T reg cells from NOD.Foxp3 gfp .BDC2.5 TCR-transgenic mice (23) were transferred into prediabetic, lymphoreplete NOD.Thy1.1 recipients at 12 weeks of age, a time point at which pancreatic infiltration is well established. Four weeks later, donor cells were enriched in the inflamed pancreas but retained expression of Foxp3 and, in contrast to recipient effector cells, expressed no detectable IL-17 or IFNg (Fig. 4, A to  C) . In parallel experiments, T reg cell stability was evaluated in the K/BxN TCR-transgenic model, in which reactivity to a ubiquitous self-antigen leads IL-17-and gut microbiota-dependent generation of arthritogenic auto-antibodies (24) . Highly purified GFP + T reg cells from K/BxN.Foxp3 gfp mice were transferred into 20-day-old K/BxN recipients-at the initiation of the very robust inflammatory process-and again remained almost exclusively Foxp3 + and failed to produce IL-17 in lymphoid organs or the lamina propria (Fig. 4 , D to F). Thus, T reg cells maintained stable Foxp3 expression and showed no evidence of effector cytokine production under conditions of autoimmune inflammation.
In contrast to our findings, a recent study reported a marked loss of Foxp3 expression in YFP-tagged Foxp3 + T reg cells in R26Y × Foxp3-Cre BAC transgenic mice and acquisition of effector function by YFP +
-T cells (25) . Likewise, upon transfer into lymphopenic recipients Foxp3 + T reg cells were found to lose Foxp3 expression and differentiate into TFH cells in the Peyer's patches (26 
Dendritic Discrimination of Temporal Input Sequences in Cortical Neurons
Tiago Branco, Beverley A. Clark, Michael Häusser* The detection and discrimination of temporal sequences is fundamental to brain function and underlies perception, cognition, and motor output. By applying patterned, two-photon glutamate uncaging, we found that single dendrites of cortical pyramidal neurons exhibit sensitivity to the sequence of synaptic activation. This sensitivity is encoded by both local dendritic calcium signals and somatic depolarization, leading to sequence-selective spike output. The mechanism involves dendritic impedance gradients and nonlinear synaptic N-methyl-D-aspartate receptor activation and is generalizable to dendrites in different neuronal types. This enables discrimination of patterns delivered to a single dendrite, as well as patterns distributed randomly across the dendritic tree. Pyramidal cell dendrites can thus act as processing compartments for the detection of synaptic sequences, thereby implementing a fundamental cortical computation. I n sensory pathways, the relative timing of spikes from different neuronal populations can represent features of stimuli (1) (2) (3) (4) . A fundamental problem in cortical sensory processing is, thus, the discrimination of different spatiotemporal sequences of inputs (5) . Although networks composed of simple neurons can, in principle, decode temporal sequences, the size and complexity of such networks can be greatly reduced if individual neurons can perform temporal decoding (6, 7) . Dendritic trees might contribute to this decoding, because they are highly nonlinear devices that can locally process and integrate synaptic signals (8) (9) (10) . For example, spatiotemporally clustered inputs trigger dendritic spikes (11) (12) (13) (14) (15) , which can generate independent functional subunits, enhancing the computational potential of the neuron (16) (17) (18) and encoding spatial and temporal input synchrony. Whether these nonlinear dendritic properties can be exploited to perform higher-order computations such as temporal sequence detection is unknown. In 1964, Wilfrid Rall predicted that, because dendrites act as a delay line, activation of synapses along a dendrite in different directions should produce different responses at the soma (19) . Although the dendrites of retinal neurons exhibit such direction selectivity (20) (21) (22) , experimental investigation of the sensitivity to spatiotemporal sequences of synaptic activation in cortical pyramidal cell dendrites has been a challenge due to the difficulty in delivering the spatiotemporal input patterns with the necessary submillisecond and submicron precision.
To test the sensitivity of single dendrites to the order of activation of a defined set of synapses, we controlled spatiotemporal input patterns using multisite, two-photon glutamate uncaging at identified dendritic spines (15, 23) in layer 2/3 pyramidal neurons of somatosensory and visual cortex. We first studied the sensitivity of single dendrites to an ordered sequence of synaptic activation in opposite directions, selecting 8 to 10 spines on single basal and apical oblique dendritic branches (Fig. 1, A and B) . Activating each site in isolation (Fig. 1C) produced synaptic responses [glutamate excitatory postsynaptic potentials (gluEPSPs)] within physiological parameters ( fig. S1 ). Sequential activation of spines from the dendritic branch to the soma (IN) or from the soma to the tip (OUT) produced strongly directionally sensitive responses. The IN direction always produced a larger somatic response than the OUT direction (Fig. 1, D and E) (31 T 4% increase, P < 0.0001,
